Partial revision of the Pyrgulopsis kolobensis complex (Caenogastropoda: Hydrobiidae), with resurrection of P. pinetorum and description of three new species from the Virgin River drainage, Utah 
INTRODUCTION
The Toquerville springsnail, Pyrgulopsis kolobensis (Taylor, 1987) , is one of the most widespread caenogastropods in the western USA, ranging throughout western Utah and portions of southern Idaho and eastern Nevada (Hershler, 1998: fig. 54 ). The broad distribution of this species, which spans three major hydrological regions (Colorado River basin, Great Basin, Snake River basin) and 30 sub-basins (each generally occupying >1,800 km 2 ; Seaber, Kapinos & Knapp, 1987) , contrasts with the typically narrow ranges of other regional congeners, which often consist of a single spring or spring complex (e.g. Hershler & Landye, 1988; Hershler, 1998; Hershler, Liu & Stevens, 2016) . Pyrgulopsis kolobensis is both morphologically variable (Hershler, 1998) and genetically diverse (Liu, Hovingh & Hershler, 2015) across its large range and has long been thought to be a species complex (Frest & Johannes, 2001; Hershler & Sada, 2002) ; however, its taxonomy has not been revised recently and remains unsettled. Taylor (1987) described Fontelicella (=Pyrgulopsis) kolobensis from two springs in the upper Virgin River drainage (southwestern Utah) and differentiated it from F. pinetorum, which he described (in the same paper) from two other springs in this watershed, by the presence of a gland on the ventral surface of the penis and the larger bursa copulatrix of females. In a taxonomic revision of Pyrgulopsis, Hershler (1994: 46) stated that "study of numerous lots of material from the upper Virgin River drainage revealed extensive variation in features used to separate kolobensis and pinetorum by Taylor (1987) , including the presence/absence of a ventral gland on the penis, thus suggesting that a single species is involved" and consequently placed P. pinetorum in synonymy with P. kolobensis. Hershler (1998) subsequently assigned specimens from more than 200 localities in the eastern Great Basin, Colorado River basin and Snake River basin to P. kolobensis, while also noting extensive variation in shell and penial morphology within this species as thus envisaged. Hershler & Sada (2002: 268) later stated that P. kolobensis "… exhibits considerable morphological differentiation across its broad range and almost certainly represents a species complex" (see also Frest & Johannes, 2001: 14) . A recent molecularphylogenetic analysis of P. kolobensis (based on cytochrome c oxidase subunit I (COI) sequences from 10 populations) delineated four well-differentiated lineages in the southern part of its range (one consisting of specimens from the type locality) and a fifth lineage along the Wasatch Front (Liu et al., 2015: fig. 2 , table 2); the taxonomic implications of these findings were not discussed in this biogeography-focused paper. Herein, we begin the process of untangling this species complex by utilizing additional molecular sampling and new morphological evidence to delimit P. kolobensis and clarify the taxonomic status of other snails from the Virgin River basin that were referred to this species by Hershler (1994 Hershler ( , 1998 .
MATERIAL AND METHODS
For this study, we obtained new COI sequences from 38 specimens of Pyrgulopsis kolobensis from 10 sites along the southern edge of its geographic range (Fig. 1A, B) , including the type locality of its junior synonym, P. pinetorum, and two additional sites in the upper Virgin River basin (Grapevine Spring, spring at Danish Ranch). Samples were collected with a fine hand-sieve and preserved in 90% ethanol in the field. Vouchers for these samples were deposited in the Smithsonian Institution's National Museum of Natural History (USNM) collection. Relevant material from the Bell Museum of Natural History (BellMNH) was also examined during the course of this study. Latitude and longitude coordinates were obtained using a handheld GPS unit in the field or were estimated from locality descriptions using CalTopo (http://caltopo. com). Genomic DNA was extracted from entire snails using a CTAB protocol (Bucklin, 1992) ; each specimen was analysed for mtDNA individually. Primers LCO1490 and HCO2198 (Folmer et al., 1994) were used to amplify a 710 base pair (bp) fragment of COI. Amplification conditions and sequencing of amplified PCR product were those of Liu, Hershler & Clift (2003 Figure 2 . Bayesian tree based on the cytochrome c oxidase subunit I dataset of Pyrgulopsis species. Posterior probabilities for nodes are provided when >60%. Terminals are labelled as in Table 1; lineages are labelled as  in Table 2 . using SEQUENCHER™ v. 5.4.1 (Gene Codes Corporation, Ann Arbor, MI). We also included in our analyses all previously published sequences of P. kolobensis and sequences from three regional congeners (P. inopinata, P. plicata, P. variegata) that were shown to be closely related to P. kolobensis in a prior molecular-phylogenetic analysis (Liu & Hershler, 2005: fig. 2 ). The type species of the eastern North American genus Marstonia was used to root the tree (per Liu & Hershler, 2005) . One example of each haplotype detected in a given sample was used in our analyses. All analyses were based on aligned 658-bp nucleotide sequences. Locality and voucher information, sample codes and GenBank accession numbers for the COI sequences used in this study are given in Table 1 . Genetic distances within and between samples were calculated using MEGA7 (Kumar et al., 2015) , with SEs estimated by 1,000 bootstrap replications with pairwise deletion of missing data.
MRMODELTEST v. 2.3 (Nylander, 2004) selected the HKY + I + G model parameters as the best fit for the dataset (using the Akaike information criterion). Phylogenetic analyses were performed using three different methodologies-maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference. The MP and ML analyses were performed using PAUP* v. 4.0b10 (Swofford, 2002) and the Bayesian analyses were conducted using MRBAYES v. 3.2.6 (Ronquist & Huelsenbeck, 2003) . The MP analysis was conducted with equal weighting, using the heuristic search option with tree bisection reconnection branch-swapping and 100 random additions. Nodal support was evaluated by 10,000 bootstrap replicates. The ML analysis was performed using the HKY + I + G model. The optimized parameter values were base frequencies of A = 0.2655, T = 0.3403, C = 0.2093, G = 0.1849; shape of gamma distribution = 0.6250; proportion of invariant sites = 0.5834. A HKY distance-based neighbour-joining tree was used as the initial topology for branch-swapping. Nodal support was evaluated by 1,000 bootstrap pseudoreplicates. For the Bayesian analysis, Metropolis-coupled Markov chain Monte Carlo simulations were run with four chains (using the model selected by MRMODELTEST) for 5,000,000 generations. Markov chains were sampled at intervals of 100 generations to obtain 50,000 sample points. We used the default settings for the priors on topologies and the HKY + I + G model parameters selected by MRMODELTEST as the best-fit model. At the end of the analysis, the average standard deviation of split frequencies was 0.002446 and the potential scale reduction factor was 1, indicating that the runs had reached convergence. The sampled trees with branch lengths were used to generate a 50% majority rule consensus tree, with the first 25% of the samples removed to ensure that the chain sampled a stationary portion. Large adult females were used for shell measurements. The total number of shell whorls (WH) was counted for each specimen and the height and width of the entire shell (SH, SW), body whorl (HBW, WBW) and aperture (AH, AW) were measured from outline drawings made with camera lucida (Hershler, 1989) . Descriptive statistics were generated using SYSTAT FOR WINDOWS v. 11.01 (SSI, 2004) . Other methods of morphological study were routine (Hershler, 1994 (Hershler, , 1998 . The anatomical terminology is that of Taylor (1987) and Hershler (1994 Hershler ( , 1998 .
RESULTS
The molecular-phylogenetic analyses congruently resolved the Pyrgulopsis kolobensis sequences as a nonmonophyletic assemblage of 13 allopatric lineages (8 of which are newly reported herein) that differed from each other by 1.2-5.8% for COI (Table 2) ; these values are within the range of pairwise sequence divergence (1.1-13.1%) previously reported for 58 Pyrgulopsis species (Liu & Hershler, 2005) . The trees generated by the three methods were closely similar; the Bayesian topology is shown in Figure 2 . Twelve of the lineages are narrowly localized, consisting of one or two (geographically proximate) populations, while lineage IX is widely distributed along the Wasatch Front. All five populations in the upper Virgin River basin formed genetically distinct lineages. Three of these-from the type localities of P. kolobensis (Tq), P. pinetorum (P116) and Grapevine Spring (Pk04)-were consistently resolved as a clade that was well supported in the Bayesian and MP topologies, but only moderately supported in the ML tree; the relationships of the populations along the Left Fork Santa Clara River (P194) and at Danish Ranch (Pk36) were not well delineated. 
SYSTEMATIC DESCRIPTIONS
Family HYDROBIIDAE Troschel, 1857 Subfamily NYMPHOPHILINAE Taylor, 1966 Genus Pyrgulopsis Call & Pilsbry, 1886
The three new species described below are referred to Pyrgulopsis based on the diffuse pattern of mantle pigmentation, single seminal receptacle, superficial position of the bursa copulatrix and its duct on the albumen gland (Liu & Hershler, 2005 ) and molecularphylogenetic evidence.
Pyrgulopsis kolobensis (Taylor, 1987) (Fig. 3A) Fontelicella kolobensis Taylor, 1987: 19-20 , fig. 8 Diagnosis: A medium-sized species having bifurcate penis with glands on filament (penial gland) and along edge and ventral surface of distal lobe (Fig. 3A) . Pyrgulopsis kolobensis is differentiated from closely similar P. santaclarensis (described below) by its smaller penial and ventral glands and by lacking a small gland on dorsal surface of penial lobe near outer edge, and from geographically proximal P. pinetorum by the presence of a ventral gland on penis and larger bursa copulatrix (Taylor, 1987) . Taylor's (1987) description and illustrations of P. kolobensis correspond to the species as recognized herein.
Distribution and habitat: Endemic to the type locality, which consists of a series of springs and seeps along the edge of Ash Creek, above the pumping station which provides water for local municipal and agricultural use. When the site was visited (by P.H. and K.W.) on 8 April 2014, only a few specimens of P. kolobensis were found in two seeps. No specimens were found during a subsequent visit (by P.H.) on 6 October 2014 after a recent flood along Ash Creek, which deposited a c. 5-cm layer of sediment on top of the spring sources.
Remarks: Taylor (1987) assigned specimens from Berry Springs to P. kolobensis without supporting morphological evidence. This locality is about 14.3 km to the southwest of Toquerville Springs and on the other side of the Virgin River. The frequent absence of a ventral gland on the penis in the Berry Springs population (9/ 36 specimens, BellMNH 20938, USNM 847243) suggests that these snails may not be conspecific with P. kolobensis; we do not have mtDNA sequence data to bear upon this issue. The spring pool at Berry Springs was drained and its flow diverted during the 1970s (Platz, 1984 ; see also Taylor, 1987) . The most recent collection of the Berry Springs Pyrgulopsis to our knowledge was made in November 1984 (BellMNH 20938); snails were not found when one of us (P.H.) visited the site in March 1997 and we think it likely that the population has been extirpated.
Pyrgulopsis pinetorum (Taylor, 1987) ( Fig. 3B) Fontelicella pinetorum Taylor, 1987: 20-21 
43693°W).
Diagnosis: A medium-sized species having a bifurcate penis with glands on filament (penial gland) and along edge of distal lobe (Fig. 3B) . Pyrgulopsis pinetorum is differentiated from P. kolobensis above and differs from closely similar P. nuwuvi (described below) by its broader shell, frequently adnate inner shell lip and generally larger gland on penial lobe. Description: Taylor's (1987) description and illustrations of P. pinetorum from the type locality correspond to the species as recognized herein. Remarks: Taylor (1987: table 19 ) described differences in the shape of the penial and terminal glands between type locality material of P. pinetorum and specimens from the Danish Ranch, which is about 5.6 km (straight line distance) to the south-southwest. The Danish Ranch population is also well differentiated genetically (Fig. 2, Table 2 ) and thus we describe it as a new species below.
Suggested common name: Pine Grove pyrg. ZooBank registration: urn:lsid:zoobank.org:act:18CE1007-6B17-4DAA-8F50-0D1B0C368F85.
Etymology: Named in honour of Alice M. Lindahl, who may have been the first to discover it during her ecological survey of Grapevine Spring (Lindahl, 1976) . Diagnosis: A medium-sized species having a bifurcate penis with glands along distal edge and ventral surface of penial lobe. Differentiated from other congeners in upper Virgin River basin by the absence of a gland on penial filament.
Description: Shell (Fig. 4A, B ) ovate-to narrow-conic; whorls convex, weakly shouldered. Parietal lip usually free, rarely adnate, last 0.5 whorl sometimes broadly disjunct; umbilicus absent or very small. Periostracum tan. Shell measurements and whorl counts for holotype and paratypes in Table 3 . Operculum (Fig. 4C, D) as for genus; muscle attachment margin variably thickened on inner side. Radula (Fig. 4E-G) as for genus; lateral cusps 3-5, basal cusp 1. Lateral teeth having 1-3 cusps on inner and 2-4 cusps on outer side. Inner marginal teeth with 16-23 cusps, outer marginal teeth with 23-38 cusps. Radula data are from USNM 847248. Penis (Fig. 3C ) large, distally bifurcate; filament rather short, lobe slightly longer than filament. Terminal gland overlapping both dorsal and ventral sides of lobe, present in 29/30 specimens; ventral gland small, positioned nearly centrally on lobe, present in 28/30 specimens. Penial data are from USNM 847248. Female glandular oviduct and associated structures shown in Figure 5A . Coiled oviduct a small circular loop preceded by a well-developed kink. Bursa copulatrix medium-sized, largely posterior to albumen gland; seminal receptacle overlapping proximal section of bursal duct.
Distribution and habitat: Distributed in two closely proximate springs (separated by c. 100 m) that emerge from the base of a basalt escarpment along the west side of the Left Fork of North Creek a short distance up flow from the Right Fork confluence (Lindahl, 1976) . The springs are in a deeply incised canyon that is subject to scour when the Left Fork of North Creek floods (Hamilton, 1994) .
Remarks: In her unpublished report, Lindahl (1976) provided a description and figures of the shell and penis of this snail, which she identified as an undescribed species of Fontelicella (=Pyrgulopsis) similar to P. deserta (Pilsbry, 1916) , which is distributed further down-flow in the Virgin River basin (also see Landye, 1981) . Pyrgulopsis lindahlae differs from P. deserta by 7.8-8.4% COI sequence divergence (P. deserta sequences from Hurt, 2004; Liu & Hershler, 2007) and is also readily distinguished from this species by its larger size and the absence of a penial gland (see Hershler & Landye, 1988 for a description and illustrations of P. deserta). Pyrgulopsis lindahlae was consistently depicted as sister to P. pinetorum in all the molecularphylogenetic analyses (e.g. Fig. 2 ). Grapevine Spring is thought to be only c. 30,000-60,000 years old based on geologic evidence (Hamilton, 1976) and thus it seems likely that genetically divergent P. lindahlae recently colonized this habitat from elsewhere. ZooBank registration: urn:lsid:zoobank.org:act:364E3A85-3C8E-4FD5-9FA6-BD1FF5B23E62.
Etymology:
The specific epithet (a noun in apposition) is the name that the Native Americans (known as the Southern Paiute) that entered the Colorado River basin of Utah about AD 1100-1200 called themselves. The eastern foothills of the Pine Valley Mountains (where the Danish Ranch is located) were a favourite winter ground for the Nuwuvi (Palmer, 1928) .
Material examined: Washington County, Utah: USNM 1421493, 9/ 6/2016, spring behind house on Danish Ranch (37.25831°N, 113.42884°W).
Diagnosis: A medium-sized species having a bifurcate penis with glands on filament (penial gland) and along distal edge of penial lobe. Contrasted with closely similar P. pinetorum above.
Description: Shell (Fig. 6A , B) narrow-conic; whorls convex, weakly shouldered. Parietal lip usually free, rarely adnate, last 0.5 whorl sometimes broadly disjunct, narrow columellar shelf sometimes present; umbilicus (when present) small. Periostracum tan. Shell Abbreviations: WH, total shell whorls; SH, shell height; SW, shell width; HBW, height of body whorl; WBW, width of body whorl; AH, aperture height; AW, aperture width.
measurements and whorl counts for holotype and paratypes in Table 3 . Operculum (Fig. 6C, D) as for genus; muscle attachment margin variably thickened. Radula (Fig. 6E-G (Fig. 3D ) large, distally bifurcate; filament rather short, lobe about as long as filament. Terminal gland overlapping both dorsal and ventral sides of lobe, present in 50/50 specimens, varying from a narrow strip to a small oval; penial gland overlapping proximal half of filament, present in 50/50 specimens. Penial data are from BellMNH 20889 (Taylor, 1987: table 19) . Female glandular oviduct and associated structures shown in Figure 5B . Coiled oviduct a posterior oblique loop preceded by a weak kink. Bursa copulatrix medium sized, about 50% of length posterior to albumen gland; seminal receptacle overlapping proximal section of bursal duct. Washington County, Utah, 37.3761°N, 113.4536°W, 2/9/1980. Paratypes (from same lot): USNM 1411243.
ZooBank registration: urn:lsid:zoobank.org:act:A9506AB2-A30A-4E68-A4F2-F1D7A32EA270.
The species name is a geographical epithet referring to the distribution of this snail in the Santa Clara River drainage.
Material examined: Washington County, Utah: USNM 883258, USNM 1068560, USNM 1265744 (topotypes).
Diagnosis: A medium-sized species having a bifurcate penis with glands on filament (penial gland) and along edge and ventral surface of distal lobe. Differentiated from closely similar P. kolobensis above.
Description: Shell (Fig. 7A, B ) ovate-to narrow-conic; whorls medium convex, weakly shouldered. Parietal lip usually free from body whorl, rarely adnate; umbilicus absent or very small. Periostracum tan. Shell measurements and whorl counts for holotype and paratypes are in Table 3 . Operculum (Fig. 7C, D) as for genus; muscle attachment margin variably thickened on inner side. Radula ( Fig. 7E -G) as for genus; lateral cusps 3-5, basal cusp 1. Lateral teeth having 2-4 cusps on inner and 3-6 cusps on outer side. Inner marginal teeth with 14-26 cusps, outer marginal teeth with 18-30 cusps. Radula data are from USNM 1411243. Penis (Fig. 3E ) large, distally bifurcate; filament rather short; lobe slightly longer than filament. Terminal gland largely on ventral surface, sometimes consisting of two units (4/18 specimens); small gland (Dg3) frequently present on dorsal surface of lobe near outer edge (13/18 specimens); ventral gland large, positioned near base of lobe, slightly raised, 2-3 additional glandular units sometimes present (4/18 specimens); penial gland elongate, frequently overlapping base of penis (10/18 specimens), sometimes consisting of two units (4/18 specimens). Penial data are from USNM 883258 (10 specimens) and USNM 1411243 (8 specimens). Female glandular oviduct and associated structures shown in Figure 5C . Coiled oviduct a small circular loop preceded by a small kink. Bursa copulatrix medium sized to large, about 33% of length overlapping albumen gland; seminal receptacle overlapping proximal section of bursal duct.
Distribution and habitat: Known only from the type locality, a shallow, spring-fed ditch (heavily vegetated with watercress) on the north side of the Left Fork Santa Clara River a short distance up flow from the terminal road loop of the Juniper Park campground. The ditch is fed by at least four seeps that emerge from the hillside (up to 20 m upslope). The spring-fed portion of the ditch extends for c. 75 m. This aquatic habitat (spring-fed ditch and spring sources) is not shown on US Geological Survey or US Forest Service maps.
Suggested common name: Santa Clara pyrg.
DISCUSSION
Our findings delineate additional locally-extensive differentiation of Pyrgulopsis kolobensis in the southern part of its range and provide no evidence of a single wide-ranging species congruent with the current taxonomic treatment of this snail. Topotypical specimens of P. kolobensis and P. pinetorum formed genetically divergent lineages consistent with the original treatment of these morphologically distinct snails as separate, narrowly endemic species (Taylor, 1987) ; thus, we have restricted the former to its type locality and resurrected the latter from synonymy. We also described new species (above) for the three other genetically divergent lineages in the upper Virgin River basin (each consisting of a single population), which are distinguishable from P. kolobensis, P. pinetorum and each other by penial morphology. Our molecular sampling of populations within a relatively small portion of the overall range of P. kolobensis sensu Hershler (1998) has delineated eight additional divergent lineages, which suggests that there may be a large number of 'cryptic' species in this complex as hypothesized by Liu et al. (2003 Liu et al. ( : 2780 . Pyrgulopsis is a current focus of attention of land managers in the western USA owing to the typically narrow ranges of its species and the threats posed by groundwater pumping, diversion of surface flows and other anthropogenic activities (Hershler, Liu & Howard, 2014) . The five locally endemic species delineated herein are potentially new targets for conservation actions. The highest conservation priority among these may be P. kolobensis, which was found only rarely and then not at all during two recent visits (in 2014) to its single known locality (see above). Note that P. kolobensis is currently assigned low conservation rankings by the American Fisheries Society (Johnson et al., 2013) and NatureServe (2015) based on its previous taxonomic treatment as a wide-ranging species.
